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Envelopment of tomato spotted wilt virus nucleocapsids occurs at the Golgi stacks of infected cells. This is also the place where the two
membrane glycoproteins Gn and Gc accumulate upon coexpression. The required Golgi retention signal has previously been demonstrated to
reside within Gn. Using a series of truncated Gn proteins, the Golgi retention signal was mapped to a stretch of 10 amino acids on this protein's
cytoplasmic tail, 20 residues downstream the transmembrane domain. Studies on the intracellular distribution of chimeric Gc proteins in which the
cytoplasmic tail and/or transmembrane domain were exchanged by those from Gn, demonstrated the additional requirement of the Gn
transmembrane domain for Golgi targeting. Truncated Gn constructs lacking the C-terminal 20 amino acids but still localising to the Golgi were no
longer able to redirect Gc, suggesting the requirement of this domain for interaction with Gc.
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Tomato spotted wilt virus (TSWV) is the type species of the
genus Tospovirus within the family Bunyaviridae. Like all
members of the Bunyaviridae, TSWV consists of enveloped,
spherical particles containing a tri-partite RNA genome. The
two glycoproteins that are present in the lipid envelope are
encoded as a single precursor protein that is cotranslationally
cleaved into the N-terminal G2, from here on referred to as Gn,
and C-terminal G1, from here on referred to as Gc. During viral
infection of a plant cell, the two glycoproteins eventually
accumulate in the Golgi complex (Kikkert et al., 1999). Golgi
stacks containing the two glycoproteins then wrap around viral
ribonucleoprotein (RNP) complexes consisting of viral RNA,
associated with nucleocapsid (N) protein and the putative viral
RNA-dependent RNA polymerase to form doubly enveloped⁎ Corresponding author. Fax: +31 317 484820.
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doi:10.1016/j.virol.2006.12.038virus particles. These are thought to fuse with each other and
with ER-derived membranes, resulting in the formation of large
intracellular vesicles containing singly enveloped virus particles
(Kikkert et al., 1999). From here virus particles are being
acquired upon feeding by L2 larval stages of the insect vector
thrips. Prior to transmission to healthy plants, the virus
replicates in the thrips vector, the salivary glands being the
major site of replication and particle assembly. In contrast to
what is being observed in plant cells, mature TSWV particles
are secreted from insect (salivary gland) cells (Wijkamp et al.,
1993). Heterologous expression studies using the mammalian
Semliki Forest virus–BHK21 cell system have shown that upon
coexpression of Gn and Gc, both proteins translocate to the
Golgi complex. Upon separate expression though, only Gn is
able to (partially) translocate to the Golgi complex, whereas Gc
is retained in the ER, suggesting that Gc is redirected to the
Golgi complex via heterodimerisation with Gn (Kikkert et al.,
2001). The same has been found for most bunyaviruses, the
exception being the members of the genus Hantavirus, whose
glycoproteins both remain in the ER when expressed separately,
but localise to the Golgi when they are expressed in the same
cell (Ruusala et al., 1992; Shi and Elliott, 2002; Spiropoulou
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signal has been mapped to the cytoplasmic tail and/or the
transmembrane domain (TMD) of the Gn protein (Andersson
and Pettersson, 1998; Gerrard andNichol, 2002;Matsuoka et al.,
1996; Shi et al., 2004). Only for Crimean–Congo hemorrhagic
fever nairovirus has the Golgi retention signal been mapped to
the ectodomain of Gn (Bertolotti-Ciarlet et al., 2005). Thus,
although all bunyavirus glycoproteins reach the Golgi, require-
ments for Golgi retention seem to differ among the different
genera. In order to investigate the requirements for Golgi
retention of the glycoproteins of TSWVwe expressed a series of
C-terminal deletion mutants of Gn in mammalian cells and
analysed these for their intracellular behaviour. These experi-
ments were complemented by studies on chimeric Gc and YFP
constructs, respectively, harbouring C-terminal portions of Gn to
map the Golgi retention signal and analyse the involvement of
the Gn transmembrane domain.
Results
Intracellular localisation of truncated Gn proteins
Wild-type TSWV Gn (residues 1 to 428 from the glyco-
protein precursor; see Fig. 1), expressed in mammalian cells
using the Semliki Forest virus (SFV) expression system, had
previously been demonstrated to localise to the Golgi complex
where it is retained (Kikkert et al., 2001), indicating the
presence of a Golgi retention signal in this protein. To map the
domain responsible for Golgi retention of TSWVGn, a series of
C-terminal progressive deletion mutants (Fig. 1; Materials and
methods) were made and expressed in baby hamster kidney
(BHK21) cells using the SFV expression system. Extracts of
these were analysed onWestern blots 21–24 h after transfection,Fig. 1. Constructs used in this study. Numbers refer to amino acid positions in the prec
letter codes. For instance, in construct ss-Gc-TMC-CTN the last amino acid derived fr
Ala and the Gn sequence starting from amino acid 387 of the precursor. TMN and TM
Gn cytoplasmic tail.and showed the expression of a protein of the expected size for
all mutants (data not shown). The intracellular localisation of
these proteins was determined by indirect immunofluorescence
analysis after 21–24 h, a time point at which wild-type Gn
always showed a clear Golgi localisation. These analyses show
that truncated Gn proteins containing at least 30 amino acids of
the C-terminal cytoplasmic domain (construct Gn-398) are still
capable of becoming transported to and retained at the Golgi
complex (Figs. 2a–d). For construct Gn-393, containing 25
amino acids of the cytoplasmic tail, Golgi localisation was
observed in approximately 60% of the cells. In the remaining
40% a reticular distribution was seen indicative of localisation
in the endoplasmic reticulum (ER). Constructs containing less
than 25 amino acids of the cytoplasmic domain were unable to
exit the ER (Fig. 2f).
Intracellular localisation of chimeric YFP-Gn proteins
To support the observation that the Golgi retention signal is
located on the first 30 residues of the cytoplasmic tail, and to
exclude the role of the lumenal domain in Golgi localisation, the
lumenal domain of wild-type as well as truncated Gn proteins
was replaced by a pH-insensitive form of the yellow fluorescent
proteinYFP (Fig. 1;Materials andmethods). Expression analyses
of these constructs in BHK21 cells showed Golgi localisation for
the full-length construct (Fig. 3a) and for the truncated proteins,
provided these contained at least 30 amino acids of the
cytoplasmic tail (Figs. 3b–d). This was confirmed by colocalisa-
tion with Golgi marker GT-YFP (data not shown). These results
thus confirm the localisation profiles of the truncated wild-type
Gn proteins. Similarly as observed for Gn-393, construct ss-
YFP-393, containing only 25 amino acids of the cytoplasmic
tail, showed a partial Golgi and ER localisation. Constructsursor protein. Extra amino acids present at the junction sites are indicated in one-
om Gc (amino acid 1091 of the precursor) is followed by the sequence Ala-Met-
C refer to the TMDs derived from Gn and Gc, respectively. Likewise, CTN is the
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Fig. 3. Expression patterns of chimeric YFP-Gn proteins in BHK cells. BHK21 cells were transfected with plasmids encoding ss-YFP-Gn (a); ss-YFP-408 (b); ss-YFP-
403 (c); ss-YFP-398 (d); ss-YFP-393 (e) or ss-YFP-387 (f). The proteins were detected by direct fluorescence. For Gn truncations up to amino acid 398 (a–d), a clear
accumulation in a perinuclear region is observed. This localisation was confirmed to be the Golgi by colocalisation with Golgi marker p58 (not shown). For construct
ss-YFP-393 (e) Golgi staining was visible but less clear. Construct ss-YFP-387 displayed no Golgi accumulation but showed a reticular (ER) distribution. Scale bars
indicate 10 μm.
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the cytoplasmic tail were unable to exit the ER (Fig. 3f). All
together these data suggest that the cytoplasmic tail of TSWV
Gn contains a Golgi retention signal and the lumenal domain is
dispensable for this.
Intracellular localisation of chimeric Gc–Gn proteins
The results described above demonstrate that for Golgi re-
tention of Gn, the first 30 residues of the cytoplasmic tail are
essential. To substantiate this observation and simultaneously
analyse the requirement of the Gn transmembrane domain for
Golgi retention, constructs coding for chimeric Gc–Gn proteins
were made and cloned into the SFV vector, expressed in BHK21
cells and detected by indirect immunofluorescence. The
constructs were based on the core of Gc in which the cytoplasmic
tail with or without the TMD was exchanged for the analogous
part of Gn. The transmembrane domain was derived from Gn in
construct ss-GC-TMN-CTN and from Gc in construct ss-GC-
TMC-CTN (Fig. 1).
Upon expression, ss-GC-TMN-CTN localised primarily to the
Golgi complex (Fig. 4a). In contrast, ss-GC-TMC-CTN was
unable to exit the ER and showed a reticular distribution in all
cells examined (Fig. 4b). This protein displayed a reticular
pattern routinely observed upon expression of wild-type TSWV
Gc in mammalian cells (Fig. 4c). These results clearly suggest
that a domain on the Gn cytoplasmic tail as well as the Gn TMD
is required to direct the Gc chimeric protein to the Golgi.Fig. 2. Expression patterns of C-terminally truncated TSWVGn proteins in BHK cells
Gn-403 (c); Gn-398 (d); Gn-393 (e) or Gn-387 (f). In all cases, cells were cotransfecte
to YFP (GT-YFP). Gn was detected by indirect immunofluorescence staining using
(green; middle panels). The panels on the right are merged images of the rhodaminRedirecting TSWV Gc from ER to Golgi
To investigate if C-terminally truncated Gn proteins were
still able to redirect Gc from the ER to the Golgi complex and to
analyse the involvement of the lumenal domain of Gn herein,
truncated Gn proteins or chimeric ss-YFP-Gn were coexpressed
with Gc-YFP and Gc, respectively, and analysed for Gc
localisation 21–24 h after transfection. Whereas wild-type Gn
efficiently redirected Gc-YFP to the Golgi complex (Fig. 5a),
deletion of 20 amino acids at the C-terminus of Gn completely
abolished the rescuing capacity (Fig. 5b). Surprisingly, this
truncation (Gn-408) did not interfere with the capacity of Gn to
localise to the Golgi but Gc expressed in the same cell was
unable to leave the ER. Moreover, when wild-type Gc was
coexpressed with ss-YFP-Gn, Gc was found to colocalise with
ss-YFP-Gn in the Golgi (Fig. 5c), altogether suggesting that for
the rescuing of Gc and its interaction with Gn the presence of
the carboxy-terminal half of the cytoplasmic domain of Gn is
essential and that the lumenal domain is not involved in
rescuing or interaction.
Discussion
The results presented here demonstrate that the Golgi re-
tention signal of the TSWV glycoproteins, required for TSWV
envelope acquisition during plant and thrips infection, is located
in the transmembrane domain and cytoplasmic tail of Gn.
Specifically, the involvement in Golgi targeting was. BHK21 cells were transfected with plasmids encoding Gn (wt) (a); Gn-408 (b);
d with a construct coding for the trans-Golgi marker galactosyl transferase fused
rhodamin-Red (left panels). GT-YFP was detected directly using filters for GFP
and the YFP signals. Scale bars indicate 10 μm.
Fig. 4. Expression patterns of chimeric Gc–Gn proteins in BHK cells. BHK21 cells were transfected with plasmids encoding ss-Gc-TMN-CTN (a); ss-Gc-TMC-CTN (b)
or Gc (wt) (c). In panel a, a cotransfection with trans-Golgi marker GT-YFP is shown (left panel: ss-Gc-TMN-CTN; middle: GT-YFP; right: merge). Construct ss-Gc-
TMN-CTN (a) localised predominantly to the Golgi area whereas construct ss-Gc-TMC-CTN (b) showed a clear reticular expression pattern resembling that of wild-
type Gc (c). Scale bars indicate 10 μm.
Fig. 5. Rescuing of Gc to the Golgi by wild-type, truncated or chimeric Gn protein. BHK21 cells were cotransfected with plasmids encoding Gn (wt) and Gc-YFP (a);
Gn-408 and Gc-YFP (b) or ss-YFP-Gn and Gc (wt) (c). Proteins fused to YFP were detected directly and are shown in green (middle panels); proteins Gn, Gc and
Gn-408 are not fused to a fluorophore and were detected by indirect immunofluorescence using rhodamin-Red (left panels). The panels on the right are merged
panels of the rhodamin and YFP signals. Both full-length Gn (a, left) and ss-YFP-Gn (c, middle) are capable of rescuing Gc to the Golgi. Construct Gn-408 (b, left),
lacking the last 20 amino acids of the Gn cytoplasmic tail, although localising to the Golgi, is unable to redirect Gc-YFP as is apparent from the reticular pattern of
this protein (b, middle). Scale bars indicate 10 μm.
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Table 1
Primers used for the constructs in this work
Gn start cccggatccATGAGAATTCTAAAACTACTAGAACTAGTGG
Gn stop cccggatcctcaTTCCATGCTAGTCCACT
Gn 408 stop cccggatcctcatcacatatgGGGACACTCTGAAGAATG
Gn 403 stop cccggatccttaATGCTCTTTTGAAGCTTT
Gn 398 stop cccggatccttaTTTGCTTTTGTTGCAAATGCAGAC
Gn 393 stop cccggatccttaAATGCAGACTTTAGTACA
Gn 387 stop cccggatcctcatcacatatgGTCACCACACAAGAGATTG
Gn ss up gggcatatgAGCATCTGTGGCTCTGAAG
Gn tmd down gggccatggAAATCAGCCAAAATACC
Gn ct down gggccatggCCGAGTGTACTAAAGTCTGCATT
Gc lum up gggccatggACTCTTAATATAATCCCAGAA
Gc tmd up gggccatggCTCCTTTACAAATGGATGTCAG
Nucleotides in bold indicate start and stop codons; underlined nucleotides form
the restriction sites used. Nucleotides identical to the template are capitalised.
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residues downstream the TMD at residue 387. Research
performed on related animal bunyaviruses has mostly led to
similar conclusions, providing support for the idea that signals
involved in intracellular targeting are conserved among plant,
mammalian and insect cells. An exception is formed by
members of the Hantavirus genus, whose glycoproteins are
only seen to translocate to the Golgi apparatus if the two
proteins are coexpressed in the same cell (Ruusala et al., 1992;
Shi and Elliott, 2002). So far, no consensus sequence has been
found for the Golgi retention signal of the different
bunyaviruses but for several members a short stretch of
amino acids downstream the TMD is required. For TSWV Gn
the first 25 to 30 amino acids of the cytoplasmic tail, together
with the Gn transmembrane domain, were shown to be
essential for Golgi localisation as demonstrated by data from
truncated proteins together with data from Gc chimeras
harbouring these sequences. Removal of these sequences does
not lead to translocation of the protein to the plasma membrane,
as would be expected for proteins following the secretory
pathway, but rather to retention in the ER (or an extremely slow
process of ER exit), suggesting that this domain does not
function as a pure Golgi retention signal, but additionally is
involved in facilitating ER exit. On the basis of the data
presented here it cannot be excluded that (some of) the
truncations eventually reach the Golgi; however, to assure
proper trafficking of Gn, and thus the Gn–Gc heterodimer, this
sequence can be concluded to be essential.
Similar results were reported for RVFV Gn, where both the
first 28 residues of the 73 amino acid cytoplasmic tail and the
TMD were necessary and sufficient for Golgi localisation of
either Gn or chimeric GFP. Removal of more than 58 C-terminal
amino acids resulted in ER arrest (Gerrard and Nichol, 2002).
For Punta Toro phlebovirus the first 10 amino acids of the Gn
cytoplasmic tail, preceded by its transmembrane domain, are
sufficient for Golgi retention (Matsuoka et al., 1994). When this
truncation was enlarged, leaving only one or two amino acids
downstream the TMD, or when residues of this domain were
mutated, Gn was transported to the plasma membrane,
indicating the first 10 amino acids of the cytoplasmic tail are
not required for ER exit, but essential for Golgi retention(Matsuoka et al., 1994, 1996). For TSWV Gn, the cytoplasmic
tail is not only required for Golgi retention, but also prevents
ER arrest.
In contrast to TSWV and Punta Toro virus, Uukuniemi
phlebovirus Gn protein only requires the cytoplasmic tail for
Golgi retention. Its cytoplasmic tail is able to translocate soluble
GFP to the Golgi complex and retain it there. In addition, the
ectodomain and transmembrane domain of CD4 fused to the
cytoplasmic tail of Uuk Gn accumulated in the Golgi instead of
reaching its default destination, the plasma membrane. On top
of this, even a 30 amino acid fragment of the cytoplasmic tail of
Uuk Gn, starting from 10 residues downstream the transmem-
brane domain, still localised to the Golgi apparatus, although
since this fragment is a purely cytosolic fragment, it localises to
the cytosolic face of the Golgi rather than reaching the Golgi
lumen via the secretory pathway (Andersson and Pettersson,
1998; Andersson et al., 1997). For Bunyamwera orthobunya-
virus, the Golgi retention signal solely resides in the trans-
membrane domain, rather than in the cytoplasmic tail (Shi et al.,
2004). For Crimean–Congo hemorrhagic fever nairovirus, the
situation is markedly different, as domains for both Gn–Gc
interaction and Gn Golgi localisation have been mapped to the
lumenal domain (Bertolotti-Ciarlet et al., 2005).
Altogether, the mechanism of Golgi retention of the bunya-
virus glycoproteins is still unclear and seems different for
members of different genera, although variations in the
definition of the transmembrane domain may also account for
some of the discrepancies observed. For many bunyaviruses the
cytoplasmic domain seems to be involved in ER exit and/or
Golgi retention, something which is not uncommon for viral
glycoproteins (Bültmann et al., 2001; Ortiz de Zarate et al.,
2004; Rose and Bergmann, 1983; Thomas and Roth, 1994). Due
to the absence of any primary sequence homology it is unclear if
specific amino acid sequences are responsible for the observed
Golgi retention.
Attempts to further characterise the domains involved in
Golgi localisation by expressing chimeras of VSV-G (the
glycoprotein of vesicular stomatitis virus) and Gn resulted in
almost exclusive ER localisation, suggesting that exchanging
the VSV-G TMD and/or cytoplasmic tail with Gn may have
hindered correct folding of the lumenal domain of VSV-G
thereby abolishing ER exit and its characteristic localisation to
the plasma membrane.
Since the final fate of enveloped TSWV virions in plant and
insects cells is different (i.e., retention in intracellular vesicles in
plant cells versus secretion from thrips cells) and determinants
for this have not been elucidated to date, it cannot be excluded
that the glycoproteins contain cell-type-specific cell sorting
signals and/or that they are being processed in a slightly
different manner. Hence, the functionality of the Golgi lo-
calisation signal as being determined in animal cells needs to be
verified in plant cells.
Next to Golgi retention, the TSWV Gn cytoplasmic tail, and
more specifically the ultimate carboxy-terminal 20 amino acids,
seem involved in heterodimer formation with Gc, since trun-
cated Gn (Gn-408) still localising to the Golgi complex was no
longer capable of rescuing Gc. In this case, the inability of Gc
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Gn-408 shows a very clear Golgi localisation. Furthermore,
the chimeric protein ss-YFP-Gn, containing the Gn signal
sequence, transmembrane domain and cytoplasmic domain of
Gn (but in which the lumenal domain has been replaced by
YFP), was also able to efficiently redirect Gc to the Golgi.
Similar functions have been suggested for Bunyamwera Gn.
Although in a first report (Shi et al., 2004), Golgi redirection of
Gc protein by Gn was only abolished when the entire Gn
cytoplasmic tail and the transmembrane domain were deleted,
more recently it was demonstrated that interaction between
Bunyamwera virus Gn and Gc occurs through interaction of the
cytoplasmic tails of the two proteins (R.M. Elliott, personal
communication). For La Crosse orthobunyavirus, the interac-
tion between Gn and Gc has also been suggested to involve the
transmembrane domains and/or cytoplasmic tails (Pekosz and
González-Scarano, 1996). On the other hand, for Punta Toro
virus heterodimer formation between the two glycoproteins
does not require the C-terminal domain of Gc (Chen and
Compans, 1991). Further indications for the involvement of the
C-terminal domains of the two TSWV proteins in heterodimer
formation lie in the observation that upon coexpression of Gc-
YFP and Gn-CFP (or in case of the inverse combination, i.e.,
Gc-CFP and Gn-YFP), the two fluorophores were never
detected in the same cell (unpublished results). It is unlikely
for cotransfection not to take place at all when looking at
hundreds of cells over different experiments. Therefore, the
failure to detect the two fluorophores simultaneously could have
been caused by Gc–Gn interactions interfering with proper
folding of the nearby fused fluorophores (i.e., at the carboxy
termini of the glycoproteins), thus abolishing fluorescence. The
recently developed method of bimolecular fluorescence com-
plementation could provide a useful alternative to overcome this
problem while studying protein interactions.
Materials and methods
Cell culture
Baby hamster kidney (BHK21) cells were maintained at
37 °C with 5% CO2 in Glasgow MEM culture medium
(Invitrogen) supplemented with 10% foetal calf serum (FCS),
2.6 g/l tryptose phosphate broth (Sigma), penicillin (100 U/ml)
and streptomycin (100 μg/ml). Cell densities were kept at a
maximum of 70–80% confluence.
Constructs
The pSFV1 vector (first described by Liljeström and Garoff,
1991), containing an NruI linearisation site (designated pSFV1-
N) was used for cloning and expression of the glycoproteins in
BHK21 cells. For heterologous expression of glycoprotein
mutants, the BamHI site of the multiple cloning site was used to
insert the genes. A schematic representation of the inserts is
given in Fig. 1; the sequences of the primers used for PCR
amplification of the inserts are given in Table 1. Constructs
encoding full-length Gn and Gc in the pSFV vector were madepreviously (Kikkert et al., 2001; constructs pSFV-G2 and pSFV-
G1b, respectively). To obtain fluorophore fusion products of the
two glycoproteins, PCR products of TSWV Gc and Gn genes,
containing a BamHI restriction site at the 5′ end and an NcoI
site at the 3′ end, before the stop codon, were used in a three-
point ligation together with either the CFP or YFP gene
containing a stop codon and a BamHI site at the 3′ end and an
NcoI site at the 5′ end. The resulting proteins are referred to as
Gn-YFP and Gc-YFP.
A first series of (mutant) glycoprotein constructs, consisting
of progressive deletion mutants of Gn, was obtained by PCR
amplification using primer “Gn start” and Gn xxx stop” in
which xxx refers to the last amino acid of Gn included in the
construct (Table 1). All these constructs contain a translational
stop codon at the end of the coding sequence, followed by a
BamHI restriction site.
For a second series of constructs, the ectodomain of Gn was
replaced by a pH-insensitive YFP mutant (generously provided
by G. van der Krogt, Molecular Biology department, Wagenin-
gen University), resulting in full-length YFP flanked at its
amino terminus by the signal sequence from Gn and at its
carboxy terminus by the TMD and (truncations of the) cyto-
plasmic tail of Gn (Fig. 1). The initial construct, termed ss-YFP-
Gn, was produced by ligating the full-length Gn gene into the
BamHI site of the pSK vector to be used as a template for a
PCR using the Expand Long Template System (Roche) with a
primer annealing to the signal sequence and extending upstream
(designated Gn ss up), and one annealing at the start of the TMD
and extending downstream (Gn tmd down). Both primers
contained restriction sites that were used to subsequently insert
PCR-amplified YFP.
Progressive deletion mutants of this construct were obtained
by PCR amplification using the same primer sets as those used
to obtain the Gn deletion constructs. The resulting chimeric
constructs are listed in Fig. 1.
A third series of constructs was based on Gc in which the
cytoplasmic tail, with or without the transmembrane domain,
was exchanged with the corresponding part of Gn. A construct
in which the N-terminal signal sequence of the precursor was
linked in frame to the Gc coding sequence has been described
previously (Kikkert et al., 2001; construct pSFV-G1ss1). This
construct was used in a PCR reaction with primers “Gn start”
and “Gc lum up” and the PCR product was linked at its 3′ end to
the C-terminal coding sequence of Gn, obtained from a PCR
reaction on full-length Gn using primers “Gn tmd down” and
“Gn stop”. The resulting construct contained the signal
sequence of the TSWV glycoprotein precursor linked to the
lumenal domain of Gc and the transmembrane domain and
cytoplasmic tail of Gn and was named ss-Gc-TMN-CTN.
Likewise, a construct in which the TMD was derived from Gc
instead of Gn was made combining two PCR fragments
obtained by using primers “Gn start” and “Gc tmd up” on pSFV-
G1ss as a template and “Gn ct down” and “Gn stop” on full-
length Gn as a template. The resulting clone was named ss-Gc-
TMC-CTN (see Fig. 1).
All constructs were inserted into the BamHI restriction site of
the pSFV1 vector (Gibco-BRL, Life Technology Inc.) con-
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described previously (Kikkert et al., 2001). In brief, capped
RNA was synthesised in vitro using the SP6 mMessage
mMachine (Ambion) and electroporated into BHK21 cells
using the GenePulser II (BioRad) by applying two square wave
pulses of 650Vand a duration of 5ms with an interval of 5 s. The
electroporation buffer consisted of 2 mM HEPES, 15 mM
potassium phosphate buffer pH 7.2, 250mMmannitol and 1mM
MgCl2, The Golgi marker Galactosyl Transferase-YFP (GT-
YFP) was kindly provided by Dr. R. Tsien.
Indirect fluorescence analysis
Cells attached to coverslips were fixed in 96% ethanol for 20
min, washed with PBS and blockedwith 5%BSA in PBS for 1 h.
Polyclonal antiserum was diluted in 1% BSA in PBS and
incubated on the cells for 1 h at room temperature. The cells were
washed with PBS and incubated with secondary antibodies
conjugated to FITC (fluorescein isothiocyanate) (Molecular
probes) or rhodamin-Red (Nordic) for 1 h at room temperature.
Cells were washed with PBS and examined in a Zeiss LSM510
confocal laser scanning microscope. Cross-talk free imaging
was assured by using a multi-tracking mode.
Acknowledgments
We thank Dr. R.Y. Tsien for kindly providing the trans-Golgi
marker GT-EYFP and G.N.M. van der Krogt for the pH-
insensitive form of YFP. We thank Dr. R.M. Elliott for sharing
his unpublished results. This work was financially supported by
The Netherlands organisation for Scientific Research, section
Earth and Life Sciences (NWO/ALW) and by EU-RTN grant
HPRN-CT-2002-00262.
References
Andersson, A.M., Pettersson, R.F., 1998. Targeting of a short peptide derived
from the cytoplasmic tail of the G1 membrane glycoprotein of Uukuniemi
virus (Bunyaviridae) to the Golgi complex. J. Virol. 72, 9585–9596.
Andersson, A.M., Melin, L., Bean, A., Pettersson, R.F., 1997. A retention signal
necessary and sufficient for Golgi localization maps to the cytoplasmic tail
of a Bunyaviridae (Uukuniemi virus) membrane glycoprotein. J. Virol. 71,
4717–4727.
Bertolotti-Ciarlet, A., Smith, J., Strecker, K., Paragas, J., Altamura, L.A.,
McFalls, J.M., Frias-Stäheli, N., García-Sastre, A., Schmaljohn, C.S., Doms,R.W., 2005. Cellular localization and antigenic characterization of Crimean–
Congo hemorrhagic fever virus glycoproteins. J. Virol. 79, 6152–6161.
Bültmann, A., Muranyi, W., Seed, B., Haas, J., 2001. Identification of two
sequences in the cytoplasmic tail of the human immunodeficiency virus type
I envelope glycoprotein that inhibit cell surface expression. J. Virol. 75,
5263–5276.
Chen, S.-Y., Compans, R.W., 1991. Oligomerization, transport, and Golgi
retention of Punta Toro virus glycoproteins. J. Virol. 65, 5902–5909.
Gerrard, S.R., Nichol, S.T., 2002. Characterization of the Golgi retention motif
of Rift Valley fever virus Gn glycoprotein. J. Virol. 76, 12200–12210.
Kikkert, M., van Lent, J., Storms, M., Bodegom, P., Kormelink, R., Goldbach,
R., 1999. Tomato spotted wilt virus particle morphogenesis in plant cells.
J. Virol. 73, 2288–2297.
Kikkert, M., Verschoor, A., Kormelink, R., Rottier, P., Goldbach, R., 2001.
Tomato spotted wilt virus glycoproteins exhibit trafficking and localization
signals that are functional in mammalian cells. J. Virol. 75, 1004–1012.
Liljeström, P., Garoff, H., 1991. A new generation of animal cell expression
vectors based on the Semliki forest virus replicon. Bio/technology 9,
1356–1361.
Matsuoka, Y., Chen, S.-Y., Compans, R.W., 1994. A signal for Golgi retention in
the Bunyavirus G1 glycoprotein. J. Biol. Chem. 269, 22565–22573.
Matsuoka, Y., Chen, S.-Y., Holland, C.E., Compans, R.W., 1996. Molecular
determinants of Golgi retention in the Punta Toro virus G1 protein. Arch.
Biochem. Biophys. 336, 184–189.
Ortiz de Zarate, I.B., Kaelin, K., Rozenberg, F., 2004. Effects of mutations in the
cytoplasmic domain of herpes simplex virus type I glycoprotein B on
intracellular transport and infectivity. J. Virol. 78, 1540–1551.
Pekosz, A., González-Scarano, F., 1996. The extracellular domain of La Crosse
virus G1 forms oligomers and undergoes pH-dependent conformational
changes. Virology 225, 243–247.
Rose, J.K., Bergmann, J.E., 1983. Altered cytoplasmic domains affect
intracellular transport of the vesicular stomatitis virus glycoprotein. Cell
34, 513–524.
Ruusala, A., Persson, R., Schmaljohn, C.S., Pettersson, R.F., 1992. Coexpres-
sion of the membrane glycoproteins G1 and G2 of hantaan virus is required
for targeting to the Golgi complex. Virology 186, 53–64.
Shi, X., Elliott, R.M., 2002. Golgi localization of hantaan virus glycoproteins
requires coexpression of G1 and G2. Virology 300, 31–38.
Shi, X., Lappin, D.F., Elliott, R.M., 2004. Mapping the Golgi targeting
and retention signal of Bunyamwera virus glycoproteins. J. Virol. 78,
10793–10802.
Spiropoulou, C.F., Goldsmith, C.S., Shoemaker, T.R., Peters, C.J., Compans,
R.W., 2003. Sin Nombre virus glycoprotein trafficking. Virology 308,
48–63.
Thomas, D., Roth, M.G., 1994. The basolateral targeting signal in the
cytoplasmic domain of glycoprotein G from vesicular stomatitis virus
resembles a variety of intracellular targeting motifs related by primary
sequence but having diverse targeting activities. J. Biol. Chem. 269,
15732–15739.
Wijkamp, I., Van Lent, J., Kormelink, R., Goldbach, R., Peters, D., 1993.
Multiplication of tomato spotted wilt virus in its insect vector, Frankliniella
occidentalis. J. Gen. Virol. 74, 341–349.
